The functions of the basal ganglia still are uncertain. It is accepted that they are involved in the higher level control of motor performance, but whether they play a more general role in organising other cortical functions, loosely described as cognitive, is debated. Even their role in motor behaviour is controversial. Evidence from human pathology rests heavily on Parkinson's disease. This is not a perfect model of basal ganglia damage in man, for the pathology of Parkinson' s disease involves structures other than the nigro-striatal dopamine pathway.
Thus, there is involvement of mesocortical dopamine systems, noradrenaline pathways, and even ascending acetylcholine projections to the cerebral cortex in the later stages of the illness. However, Parkinson's disease probably is the best human model of abnormal basal ganglia function available and, in the early stages of the illness, the brunt of pathology falls on the nigro-striatal system.
A striking and consistent motor abnormality in
Parkinson's disease, even in its early stages, is slowness in the execution of fast movements. ' The Par-kinsonian patient cannot achieve a normal velocity of fast ballistic movement, but creeps slowly towards the point of aim in a series of small steps. This is because the Parkinsonian cannot inject a large enough initial burst of electromyographic (EMG) activity in the agonist muscle; however, the duration of the first agonist burst is normal, and the timing of subsequent antagonist and agonist bursts is preserved. 2 The Parkinsonian achieves the movement by a repetitive series of small agonist bursts. Flowers3 pointed out that this failure to produce fast ballistic movement might prevent the Parkinsonian from employing a predictive strategy in movement. When a normal subject undertakes a visual tracking task of an unknown path, he does so. by watching the tracking spot and making appropriate corrective movements after a reaction time. If, however, the tracking spot follows a repetitive predictable path, the subject can switch his strategy to one of moving at the same time, or in advance, of the tracking spot according to a known "internal plan" of the path.4 Employment of a predictive strategy is shown by a fall of tracking lag towards zero, and a reduction in tracking error. Flowers suggested that the Parkinsonian' s inability to make fast movements would prevent him utilising such a predictive strategy. He went on to show that Parkinsonians 1299 were unable to improve their tracking error when following a known tracking path, compared with one following a random sequence.5 A failure to be able to employ a predictive strategy would impose considerable restraints on motor performance in Parkinson's disease. In theory, it would lead to a reliance on external cues and feedback for the execution of all movement which, in turn, would prohibit carrying out any movement faster than the limits imposed by reaction time. The Parkinsonian thus would be constrained to move slowly checking progress at every step.
We have designed experiments to test this hypothesis. A key issue as to whether or not a predictive strategy is employed in a visual tracking task is whether tracking lag can be reduced below reaction time. Whether or not this improves tracking error is a second, but less important, matter. It is quite possible that a subject may employ a predictive strategy, moving in advance of the target, but still not improve greatly on error if each individual movement is constructed incorrectly. We have concentrated, therefore, on whether the Parkinsonian can reduce tracking lag towards zero when presented with a tracking path following a known pattern. Brief preliminary reports of some of this work have been given elsewhere.67
Methods
The patients were requested to perform a tracking task in which they were required to move their elbow (experiment 1) or wrist (experiment 2) to match the movement of a target spot on an oscilloscope screen. The purpose of the experiment was to compare the patients' motor behaviour when tracking a target which moved through either a known or unknown pattern. We have demonstrated previusly that normal subjects change their motor strategy under these two conditions.4 Thus, when the target spot moved through a random and unpredictable path, the movement of the subject lagged behind the target movement by approximately one visual reaction time. When the target was then made to repeat its pattern in successive trials, the subject was able to learn the pattern and reduce tracking lag towards zero. The subject was instructed to try to keep the arm position spot directly beneath the target position spot at all times. Each trial started with the illumination of a -ready" -light mounted above the screen. One second later the target spot started to move. Movement of the target lasted for a period of 5 s during which time it moved about its centre position in a random fashion. The frequency spectrum of the target motion was approximately rectangular, with bandwidth (-3 dB) of 0 5 Hz.
Each subject performed a total of 200 trials. For the first 150 trials the subject was informed that the target movement pattern would be different and unpredictable in each successive trial. In reality, the same target movement pattern was repeated on every third trial, but the complexity of the target pattern was such as to prevent the subject recognising this. In the final 50 trials, the same target pattern was used consecutively. Before starting the final 50 trials, the subjects were informed that the target pattern would now be repetitive.
The arm position and target position signals were converted to digital format, and stored using a PDP 12 computer. The first 1 s period of each 5 s trial was not collected. Tracking error was computed over the 4 s scoring period by subtracting the arm position value from the target position value at each data point, and summing the difference (ignoring the sign). An estimate of average tracking lag was obtained by cross-correlating the arm position trace with the target position trace, and measuring the time delay associated with the maximum value of the crosscorrelation function. The cross-correlation function was obtained using a programme which correlated 256 data points (target position) with a further 256 points (arm position) using a tail-wrapping technique for 64 points on either side of zero shift.
The results of mean tracking error (expressed as a percentage of the error that would have been obtained if the subject had kept his arm stationary-zero movement error), and of mean tracking lag (in ms) were calculated for the first 50 runs of repetitive target movement, interlaced with random trials, during which the subject was unaware of the repetitive nature of the task, and for the last 50 runs in which the same repetitive target movement was presented and the subject had been informed that the task was repetitive. The first 10 of each of these 50 trials was discarded, so results are presented for mean tracking error and mean tracking lag for trials 10-50 in both conditions.
Experiment 2
In the second experiment we studied five patients with Parkinson The subjects sat in front of an oscilloscope with their right elbow flexed and forearm semi-pronated resting on a support. The forearm was clamped to the support and the hand, with fingers extended, was held in a splint. This allowed free flexion and extension movements of the wrist in a horizontal plane. Wrist movements were transduced by a Bournes precision potentiometer mounted below and co-axial with the wrist joint. Wrist position was displayed on the oscilloscope as a 1-5 cm vertical line. Wrist extension moved the line to the right a proportional horizontal distance on the screen (15°= 1-0 cm). Also displayed on the oscilloscope was a 1-5 cm horizontal line which represented the target position. When the wrist and target position coincided the two lines formed a cross. The subjects were instructed to try and maintain the cross symmetrical at all times.
Initially, the response to a choice reaction task was measured. A warning light was illuminated above the oscilloscope. One second later, both lines, starting from the top of the oscilloscope screen, moved vertically downwards. When the centre of the screen was reached, the target jumped either to the left or to the right, whilst continuing to move down. The task was to make a rapid and accurate wrist movement so as to re-form the cross. The target line jumped eight times to the left and eight times to the right, in random order, demanding the subject to make eight 20°e xtension and eight 20°flexion movements of the wrist. The time between the start of horizontal movement of the target line, and the subjects' response (taken from when wrist velocity departed from zero) was measured.
Subsequently, the subjects' response to a continuously moving target was studied. The procedure was the same as in the earlier experiment, except that as both lines moved down the screen, the horizontal motion of the target line was controlled by the pseudo-random noise generator, which caused the target line to move continuously in a random fashion for a 4 s period. The frequency spectrum of the target motion was limited to (-3 db) 0-5 Hz. In the first 16 trials, the target line moved through a different pattern in each trial. For the next 24 trials, the target line moved through the same pattern in each trial. Prior to the last 24 trials, the subject was informed that the pattern would be repetitive. At the end of the experiment, each subject was asked to draw on squared paper what they thought had been the path of the target during the repetitive task.
Target position, hand position, hand velocity and a marker signal were recorded on tape (Racal store 7DS FM recorder). This data was converted to digital format (250 Hz sampling frequency) and stored on floppy disc for offline analysis using a PDP 12 computer.
In the initial experiment, reaction time, movement time and total time were measured. Reaction time was defined as the interval between target movement and the earliest detectable hand movement taken from the velocity record. Movement time was defined as the time taken from the start of the hand movement, taken from velocity record, to the point at which the target position was reached and hand velocity fell to zero. Total time was the sum of reaction and movement times.
In the subsequent experiment, the average tracking lag was computed for each trial. However, for the final 24 trials, during which the same target pattern was repeated in consecutive runs, data from the first 16 of these trials were not included in the analysis because of learning effects. Tracking lag was defined as the amount of time, on average, which the subject's hand position lagged behind the target position. Tracking lag was quantified by computing the cross-correlation function between these two variables, as described above. The time shift which yielded the maximum value of the correlation function was taken as an estimate of the average tracking lag (in ms).
In this second experiment, to avoid fatiguing patients, the total number of movements to be performed was kept to a minimum. Therefore, trials which were repeated without the subject's knowledge, as in experiment 1, were not performed since it required a large number of movements. Repeated trials would need to have been interlaced with ones which were truly unpredictable to avoid detection of repetition by the subject. In addition, this would need to have been accomplished twice since patients were studied on and off drugs. Accordingly, it was impossible to directly compare the Parkinsonians' performance tracking a repeated pattern of which they were unaware, with their tracking ability once they knew the same pattern was repeated.
In this situation, therefore, performance had to be compared between tracking a random target pattern with that obtained when tracking a repeated pattern. In these cir- 
Results

Experiment 1
The mean error and lag for the repeated trials during the initial phase of the experiment (runs 1-150) when the subjects were unaware that every third run was repetitive, and during the last phase of the experiment (runs 151-200) when the subjects had been told that the task was now repetitive are summarised for the 12 patients with Parkinson's disease and eight control subjects in table 1.
Mean lags did not differ between patients and controls when they were unaware that the pattern was repetitive (p > 0.05, Student's t test). However, it is notable that individual values tor most subjects were below visual reaction time, which in separate similar experiments4 averaged some 187 ms. This indicates that many of the subjects were tending to move in advance of the tracking pattern on occasions. This is likely to be a reflection of the slowness of the tracking task, the speed of which was imposed by the necessity to provide a tracking pattern slow enough for patients with Parkinson' s disease to follow. In these circumstances, subjects tended to react to a change in direction of the tracking line, after an appropriate lag, by an excessively fast movement to catch and even overtake the pattern. Inevitably, this means a reduction of tracking lag below true visual reaction time. This is analogous to the perceptual anticipation described by Poulton. ' When the subjects were told that the pattern was repetitive, tracking lag fell in all control subjects and in 11 of the 12 patients with Parkinson's disease. Mean lag fell from 128 ms to 29 ms (p < 0-001, paired Student' s 
